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Atstract

We discuss alternative holographic techniques for imaging microscopic structures with # short-pulse, high-
intensity, high-quantum-energy laser. We find that Fresnel transform holography using a photoresist for
registratior of the hologram is most likely to be within the scope of near term technology. Although it has
sdvantages in time gating, using an in-line electron microscope for hologram registration has an unacceptable
tradeoff between quantur: efficiency and resolution. Fourier transform holography using a reflector to gen-
erate the reference deam might be a reasonable alternative using low resolution film, but is necessarily more
complicated. We discuss the dependence of the required laser intensity on the resolution sought and on the
elastic and absorption cruss sections. We conclude that resonant scattering must be used to obtain holograms
a! reasonable intensities.

Introduction

In this paper we discuss holography with very intense, short-pulse, high-quantum-energy lasers. The
postibilities for holography with such a laser are: (1) in-vivo high-resolution holograms of cells in three
dinensions; (2) the ability to disungiish individual atomic species; and (3) the ability to freeze mechanical
action within a cell on the time scale of picoseccds.

We first review techniques for maiking holograms of microscopic ohjects with special reference to the prob-
lem of obtaining high resolutions. We then discuss recording methods for X-rasy holography and, in par-
ticular, discusa the problems with a photoelectric recordingy system. Finally *ve discuss the physics of the
intersction of intense monochromstic X-ray beams with biological materials, snd derive intensity requirements
for X-ray holography of biological structures. Our principal conclusion is that one sust make use of resn-
nance lines to obtain holograns with interesting resolutions using reasonable intensities.

Holographic Techniques

We have investigated numsrous holographic techniques and have settled on two possibilities for making
holograms of microscopic specimens with a3 high-intensity short pulse high quantuin energy laser. These are:
(1) Fresnel transform holography, otherwise known as in-line holography; and (?; Fourier transform holog-
raphy, sometimes known as "lensless" Fourier transform holography.

Figure 1a shows a typical satup for a Fresnel transform holograph. The principal advantag: of the tech-
nique is simplicity. It requires only one laser beam. The object to be holographed i3 placed in the laser
beam itself. The same bLeam provides both the reference and illuminstion for the object. Vv.hen the object
size divided by the wavelangth is small compared to the distance from the object to the recording medium
divided by the cbjact size, this technic is called Fraunhofer hclography. The basic distiiction is a certain
simplification that can be made in the equstions for the fringe pattern st the recording medium.

The difficulty of Fresnel transform holography is thst ii requires a very high resoluti)n recording medium.
A feeling for this can be derised from an argument given by Btroke,!) {llustrated in Fi¢'. 1b. If our object
consists of a series of poin® scattarers separated by distance ¢, it can be thought of ss .. diff,action grating.
The angle at which the first maxissum in the diffraction pattern will occur is sin *(A/c). This waximum must
interfere with the plane wave- of the reference beam that are paralle] to the recording medium. In order to
record the interferunce pattern betwsen the diffracted beam and the reference beam, the spacing between the
grains, g, must ba at least .arge srough for alternating grains to record the maxims and minima of the re-
tuldng fringes. Consequently, g tan(sin 3(A/c)) > A/2. For small angles this means g(A/c) 2 A/2 or that
we must have ¢ > Ig. he minimum specing that can be resolved is greater than twice the grain spacing.
As long as the angles are small, the result is independent of wavelength. The esswnce of this argument
plus oxteneions to include the effacts of fi-.ite bandwidth and penetration of the specimen has been given by
Beez and Kl-Sumn .2

At large angles, which cocur whan the wavelength becomes on the order of the size of the grid spacing,
this result become dependent on the wuvelength. This is because the first muximum of the diffraction pat-
tern occurs at a very large angle. This limits the effectiveness of Fresnel transform holography: fr«’uonﬂy
the ares of refersnce {llumination will be too small to encompsass the pea¥ of the diffrection puttern. If A= c
the diffrsction peak will ococur at %0°. The recording medium would have to be infinite in extent to record
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Figure 1. Fresnel transform holography: (a) typical setup of holographic apparatus; (b) diagram demon-
strating that Fresnel transform holography is limited by rasolution of recording medium.

the first diffraction peak. As pointed by out by Mueller or Jorna,? st large diffraction angles and short
wavelengths we would run into ficulty with roughness of the surface of the recording medium iet alone its
intrinsic graininess.

It is also interesting to note that if the structure of the ohject and the wavelength were appropriste for
the object to scatter plane waves, then the interference pattern at the recording medium would have » spatial
frequency of (sina)/A where ¢ is the half-angle of interference.

Figure 2a shows an idealized configuration for lensless Fourier transferm holography.¢'® The reference
source emits spherica’ waves, which interfere with waves from the object at the recording surface. The
ob}ect is sesparately flluminated bv s plane wave source. Figure 2b shows a simplified arrangement with a
reference source, o, and two object point acatterers, x, and x,, all emitting epherical waves originally at
the same phase. The intensity pattern at the screen vill be given by

. A8 (x,*x2,) -, )
le -e!-[l ' # . col?-—;xr—-’ 12( . oolnT—m“’?&t (1)

where a and A are amplitudes of the reference and scattersd woves, respectively, and A >> a. This pattern
consiats of a d: level plus a rapidly oscillating funcliun with firequency proportiona) to the mean distance of
the two object scatterers from the reference source modulating a slowly csciliating ‘unction with frequency
roportional to the difference in distance Metween the two object scurces. It {s called Fourier transform
olography because every distance froo' the refersncr source maps 1> unique spatial freguency at the re-
cording surface. It is lensless because the usual Fourier transtorming technique requires a lens. The max-
twum spatial frequency of the interference pattern can be adjunted arbitrarlly by placing the objwect st vari-
ous distances from the reference source. Note that difficulty occurs again when spacing of poinis in the
ob}oc:h is smaller than the wavelength. For axampie, ff (x, - 3,) < A, the modulativn pattern never resches
& maximum.
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Figure 2: Lensless Fourier transform holography: (a) idealized configuration of apparatus; (b) simplified
arrangement for calculation consisting of reference source and two object scatterers.
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Gecastry of spherical Fourier transform holography on & sphere of unit radius

We can mitigate the large angle problem by making a spherical recording surface. The geometry on a unit
sphere for such a Fourier traniform technique is shown in Fig. 3

. If we consider the reference source of
spherical waves tv be st the origin and the object to again consist of two point scatterers at x; and Xx,,
on we find the fullowing intensity patteru:
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where again A >> a. The intensity pattern consists of bands paralle] to the y-z plane and centered on the
x-axis. As in the planar case, the spatial (or angular) frequency consists of a rapid oscillatory function,
proportiona) to the mean distance of the object points from the reference, modulated by a slowly varying
function depending on the distance between the object points. Again, if the point spacing is less than the
wavelength, one never completes a full cycle. The physical spacing of the fringes can be made arbitrarily
large by expanding the radius of the sphere. Thus we could use an ordinary film of arbitrarily large grain
size, as long as the tradeoff between sensitivity and resolution was favorakle.

Recording Methods for Fraunhcfer Holography

High-resolution Fraunhofer holography requires & grainless recording medium. In fact, no recording
medium is truly grainless, it is at least f(fliny o1. the atomic scale. However, there are ways of obtaining
resolution far better tha. that available from the finest-grain film. One is to convert the x-~-ray image into
an electron image by means of a photo-emitting cathode, and then enlarge the image with an electron micro-
scope. This has the additional sdvantage that the electron microscope could be time-gated, thereby ex-
tracting information only during the part of the laser pulse when the best hologram was being generated.
The other approach is to use a high-resojution recording medium. This could be done using a photoresist
material, many of which have been developed for high-resolution lithography.$

An example of such a material is polymethyl methacrylate (PMMA). Photons striking this plastic break
polymer chains leaving the material locally less resisiant to etching agents. Bjorkland”'® used PMMA in
holograihy experiments at vacuum-ultraviole: wavelengths Feder et al.? have demonstrated that resolution
o 100 A can be obtained with PMMA in X-ray shadowgrums. We are most irterested in wavelengths in the
30-50 A range. This is optimum for the use of a photoresist such as PMMA. Al higher energies the resolu-
tion degrades because of the increasing range of secordary electrons, and at lower energies the resolution
degrades becuase of diffraction effects.’® Holograms registered on a photoresist can be read out using an
electron microscope and the ima’e can be reconstructed either by optical laser illumination of the electron
micrograph or computer analysis.!}

Direct use of an electron microscope to register and enlarge the hologram has its difficulties. An eiectron
microscope imposes a trade-off between quantum efficiency and resclution. The modulation transfer function
degrades with incresse in acceptance angle of the microscope and energy dispersion of the photoelectrons 12
This goneral statemant is true over a large range of designs. However, an intuitive feel can be acquired b;;
noting that the spherical aberration of ¢n eleciron m..roscope .ncreases as the cube of its anceptance angle.!?
The quantu efficiency decreases as the square of the acceptance nn‘;lc. Similarly, the chromatic aberration
increases as the product of acceptance angle and energy dispersion.!! We might reduce the chromaiic aber-
ration by using electronic gating to limit the energy dispersion. However, the problem of spherical aberra-
tion is not easily circumvented.

It is posiible to build lensless electron microscopes. One such cunceptual device is shown i '.-'i%. 4. The
photoemitter consists of a spherical shell, radius r,, within which the bologram is re~orded. he figure
shows a typical Fresnel transform holography setun. The screer or recording medium conuists o s sphevical
shell at a much larger radivs ry,. The magnification should be given by the ratio of ry/r;. An accelersting
high voltage is applied to the inner shell while the outer shell is grounded. The electrons are accelerated
nesrly radislly from the inner shell to the outer shell and blurring is owing exclusively t¢ initial tangential
velocities. However, if the cnn&y corresponding to the initis]l tangential velocity is I, and the potential on
the inner aphare is V, then the dispersion in angle is given by

: frl"l\f’
“’(r,)V{, . %)

This approximetion is good when Ko < Vo % 10°3. The detailed expression is very complicated.

Examl.ing this expression we imwediately notice that the csse of least blurring occurs as r; approsch1s
ry. This is the case of least magnification, {.¢ , paralle]l planes. However, in accelerating the slectrons ote
has alsv decreseed the divergence angle by s factor of JEo7Ve. B¢ we might instead consider using parallel
plates ‘0 accelerste the eiectrons into the optics of & conventional election microscope.

However, it is difficult to conceive of any practica) configuration that would result in an accepiable blur-
ring. For examply, ff we want the blurring, rya, to be only 100 A, and we have a distance between
platus, ry - ry, of only 10 ym, and & tangen energy of omly 1 wolt, then we need 4 000 000 volts between
the plates. This is clearly fmpractical.
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Figure 4: Conceptual lensless electron microscope with Fraunhofer holography.

A potential problem with Fraunhofer holography is low contrast ratic. This is particularly true if the
specimen is not a very efficient coherent scatterer. The problem can be circumvented by mounting the
specimen over a hoie in an absorbing foil, which will attenuate the reference beam. The uniformity of the
:lohadgw foil” must be such that spatial and temporal coherence ¢f the reference beam are not drasucally

tered.

Fourier Hclography

The trouble with lensless Fourier holography is that (in the figurative sense) it is not lensless. Figure 5
shows a typical setup for lensless Fourier holography. In order to obtain the spherical reference wave we
must have a lens that focusses to a pinhole in the shadow plane. In the x-ray regime we do not use a lens.
but rather use a Fresnel aone plate. With th's type of experimental ronfiguration, i is easy to prove that
the hologram resolution is limited to the finest spacing on the Fresnel zone plate. This derives from the
fact that the finest spacing on the zone plate determines the maximum angle of the ?heﬂcu segment gen-
erated. The finest zone plate spacing allowed by current technology is about 800 A.!* This means that
using this techaique we could obtain resolution no better than 800 A.

An alternative could be to use z coherent scattering reflactor to generate the reference waves !¢:17
Figure 6 shows such » reflector, in this case s paraboloid that would generate spnerical reference waves,
enclosed in a spherical shell recording surfuce. For best contrast ratio, the paraboloid would have to be
approximately the same size as the object (for example, 100 ym for 2 100 yn biological specimen). The
reference scatterer need not be a parabolnid. In principle, the hologram could be unfoided for any convex
reference scatterer as long as we knew its shape and dimensions to within a fraction of s wavelength.!?
Presently, spherical microballoons can be wade 100 ym in diameter with s surface smoothness better than
100 A. These balloons can be measured to within 30 A. 8o using & reflecior that would work in the
20-80 A region is just on the ege of technological fecsibility .

Intensity Requirements
We define the stagnation time for a heated region by

T, ~ =L 4)

stag m

where 8 is the linear dimensicn of the region, C_ the specific heat at constant volume, and 0 the tempers-
ture. Under the assumption that the hologram clin t- recorded without btlurring for a period 'n the order
of le time, the required intensity is giver by
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Figur> 5. Typical setup for lensless Fourier holography.

Pigure 8: Fourier transform holography with s parabolic reflector.
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where N is the number of photons to be recorded per resolution element, hv i the photon quantum energy
\ergs), € is the detector quantum efficiency, i.e., the fraction of photons recorded, ¢ s is the elastic
cross sectiorn (cm2/atom), © is the absorption cross section (cm2/atom), p is the densw (g/em3), K is
the number of atoms per , i.e., 6.02 x 1023/A (atoms/g), and 8 is the linear resolution element (cm).

The exposure time (the time during which the hologram is recorded) must be less than the stagnation
time. This can be accomplished by arranging for the laser pulse length to be shorter than the stagnation
tire, either by designing 2 laser with a natural short pulse or using any of a variety of mechanisms for
chopping the pulse. A gated recorder, such as any of the electronphotoemissive schemes, could alio provide
a shutter and allow the laser pulse length tc exceed the stagnation time. With a reflective-reference scheme
such as that shown in Fig. 6, we could select a coherent-scattering resonance and laser intensity such that
the resonance saturated in a time less than the stegnation time. This resonance would be used both in the
reference reflector rnd the object, and would provide s natural shutter. When the resonance saturated,
both the object and reference scatterer would become transparent to the laser beam, and generation of the
hologram would cease. Unfortunately, this shutter scheme cannot be used very effectively with Fresnel
holography and a photoresist recording surface, for after the resonance saturates (bleaches), the laser will
continue to expose (darken) the photoresist. The laser pulse length could be a factor of two or three
greater than the saturation time, but any further exposure would unacceptably degrade the contrast ratic.

The required intensity goes as 8711/2 This deriver from the ‘ncrease in intensity requi.red to get the
same number of photons scattered off a smaller resolution element and the shorter stagnation time as the
resolution element becomes smaller. This equation is only applicable in the region where the specimen is
behaving like a fluid and there is local thermodynamic equilibrium. But it does give a feeling for the rapid
increase in intentity required as higher resolution is sought.

The intensity is strongly dependent on the elastic cross section and somewhat more weakly dependent on
the absorption cross section. To make holography practical on the 30-50 A scale, we must use resonant
coherent scattering. The resonant cross section is given by the Breit-Wigner formula!® and to within multi-
plicity factors is approrimstely

2

r
o~ % "‘) (6)
nat

where T s is the resonant linewidth and T ‘s the natura) linewidth. Figure 7 compares AZ, which is o
reasonathit approximation to the resonant RS section, with the cross section for photoelectric effect, co-
herent scattering, and incoherent scattering in nitregen.

To see how important it is to use resonant coherent scattering, let us consider s concrete example. Sup-
puse thst we were trying to make 8 hologram of a microscopic structure of solid nitrogen to a lnesr resclu-
tion of 80 A. Further, suppose that we wanted to scatter coherently 103 photons from each resolution
slement. Using nonresonant coherent sgattering, the elastic cross section is about 4 x 10 22 cm?. The
absorption cross section is about 4 x 10 2© cm?. This gives an intensity of approximately 10'* wstts/cm?
and o stagnation time of 10 '¢ s. This is clearly unressonsble.

On the other hand, if we were able ' prepare the nitrogen in & He-like state, we could use ihe 2P-to-18
resonance in He-like nitrogen that occurs at abou' 431 e¢V. In the He-like state, the stoms would have no
Auger transitions, although there may be some contribution to the linewidth from inelastic collisions wi*'r free
electrons,?® and from Stark broadening.?! However we expect thst the resonant linewidth would closely
approach the natural linewidth. Rven though the temperature would be nearly 50 eV, Doppler brosdening
would be mguslbh. Therefore, the elastic cross section would be sbout 10 '® cm?. This would give an
intensity of 10° wat's/cm? and an observation time of sbout 10 ! ¢. It reduces the intensity requirement
b{”nght orders of magnitude and makes the stagnation time 10 picoseconds which seems at least tractable.
Also, the fllumination on the recording surface is about 0.1 J/cm? which is within the dynamic range of
practical photoresists.?® Although Domcr broadening is negligible, Doppler shifting of the coherently scat-
tered photons may alter the phase relationship with the reference beam at the recording surface. This could
impose an upper limit on the distance from the specimen to the rec ding surfaze.

Formuls 5 is not strictly applicable to this case, however. The formula wuuld sssume that the nitrogen
starts cold in the He-like state. In fact, we have 10 apply enough energy to bring it to that state, and
during that time it i¢ dilsting derodynulcﬂly. If we could ride on an absorption resonance of sbout
3x10 ' cm? untl we reached the He-like state, then sn intensity of about 3 x 10'? watts/cm? would be
required, a stagnation time of sbout I/3 picosecond would be encountered, and the fluence on the recording



surface during registration of the hologram would be about 1 J/cm2. Doing this however requires a fortu-
itous overlap of resonances. An alternative might be to direct a second laser at the specimen, perpendicular
to the laser that would resonate with the He-like state. The second laser would be tuned to the K-edge and
heat the specimen to the desired population of the He-like state. This would improve the contrast ratio and
does not depend on any fortuitous overlap of resonances. The second laser would have to supplv about
1013 watts/cm?, however.

Crozs Section (borns)
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Figure 7: Cross sections for photoelectric effect, coherent scattering, and incoherent scattering in nitro-

er, compared with A? which is the resonant scattering cross section to within multiplicity
actors.

For a mote realistic example we should look to cold resonances. Figurre 8 shows the x-nx absorption
cross saction of molecular nitrogen in the range from 400-435 V as reported Ly Bianconi et al 23 A reso-
nance occurs at sbout 401.3 eV owing to the promotion of a 18 eleccron to the first unfilled (n_2P) orbital ¢
While the total cross section of this resonance exceeds 22 Mb, its fluorescent yield, that is theffraction of its
cross section that is coherent scattering, is only sbout a part in 102. However s real cell is not constructed
of pure nitrogen and the accompanying stomic species provide a heat sink for energy depusited by non-
coherent scattering processes. his somewhat suppresses the rate of dilation, and increases the stagnation
thne. This resonance is, of course, for Ny, but one would expe:t thst a similar resonance wou'd be en-
counterad for nitrogen bound in the proteins of a cell, and that it would occur at & similar energy. This is
because if a first vecant orbital exists, it will differ from the one in N, only by a fraction of the moleculsr
binding um'?y. For example, the corresponding resonance in N,O occurs at 401.2 eV,2% only 0.1 eV from
the one in Ny, For a rnlfmc cell containing appropriate concentrations of H, C, O, and N, the theoretical
resolution would be on the order of 200 A becsuse the strong absorption of the N, resonance makes protein
concentrstions appear almost blsck. To pecord the hologram on s standard photoresist, we would need »
laser intansity on the order ot 10!° w-cm' 2. A detailed numerical simulation will have to be undertaken to
deterwnine the hydrodynamic behavior of local concentrations of prote'ns snd thereby indicste the actual reso-
lution that can schieved. However, becsuse of the rapid dependence of intensity on the size of resolution
clement, we can somewhat confidently say thst s resolution better than 2000 A could be obtained.
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enormous resonance &t 401.3 eV for the 15 + n2P transiticn. (Adapted from figure in Ref. 23).

Possibiliiies

We have chosen nitrogen as an example because it seems to be the most likely atomic species we would like
to Jetect within a cell. Looking st nitrogen would distinguish some of the more interesting aspects of cellu-
lar structure while ignoring the water, the sugars, ond the lipids. This means we could see the membranes,
the cytoskeleton, the nucleus, the mitochondria, an/l various other organelles. This is a distinct advantage
over the electron microscope which in vivo does not distinguish the water from the structural elements with-
out lgecinl preparation. In gereral, electron microscope samples must be freeze-dried and sputtered with a

high-Z element such as osmium or uranium. It is generslly thought that the cellular organization is radically
disturbed by this process.

One of the most exciting possibilities is to take snapshots of mechanical processes within the cell on pico-
second time scales. For example, one might be able to°sce the penetration of vesicles of neurotransmitter
througk the presynaptic membrane.2¢ Also, with resolution of 10C A or so, one might be able to detec!

switcl;g,s in molecular conformation such as those thought to be responsible for signal promulgation in reiinal
cells.

Conclusions

By process of elimination it sppears to us most prectical to use Fraunhcfer holography with a photoresist
recording surface. The recording properties of photoresist are optimum in the wavelength regior where we
could use resonant coherent scattering from nitrogen. To have reasonable contrast ratio, we need . "shadow
foil" that is sufficiently homogeneous that it does not significantly alter the temporal and spatial coherence of
the reference beam. The problems attending preparation of such a foil seem less stressing than those of
making and messuring a suitable reflector for spherical Fourier holography. We also find that we must use
resonant coherent scattering to obtain holcgrams at reasonable intenuities.
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Figure 4: Concentual lensless electron microscope with Fraunhofer holography.

A potential problem with Fraunhofer holograpny is low contrast ratic. This is particulariy true if the
specimen is not a very efficient coherent scatterer. The problem can be circumvented by mounting the
3pecimen over a hole in an absorbing foil, which will attenuate the reference heam. The uniformity of the
'.']shadgw foil" must be such that spatia) and temporel coherence of the reference Leam are not drastically

tered.

Fourier Holography

The trouble with lensless Fourier holography is that (in the figurstive sense) it is not lensless. Figure 5
shows s typical setup for lensless Fourier holoirnphy In order to obtain the spherical refesence wave we
must have g lens that focusses to a pinhole in the shadow plane. In the x-ray regime we do not use a lens,
but rather use a Fresnel 2one plate. With this type of experimental configuration, it is easy to prove that
the hologram resolution is limited to the finest spacing on the Fresnel zone plate. This derives from the
fact that the finest spacing on the zone plune determines the ma: ‘mum angle of the spherical segment gen-
erated. The finest zone plate cpacing allowed by currcnt technology is about 800 {.“ This means that
using this technique we could obtain resolution no t.tte:r than 800 A.

An alternative could be to use a coherent scatlering reflector to generate the reference waves '$':7
Figure 6 showr such a reflector, in this case a paraboloid ihat would generate spherical reference waves,
enclosed in a spaerical shell r«:c:'rdingh surfa:2. For best contrast ratio, the paraboloid would have to be
sapproximately the same size us the object (for example, 100 ym for a 100 ym biological specimen) Th-
refe~ance scaticrei need not be a paraboloid. Ir principle, the hologram could bz uafolded for any convex
ref. ~.ce scatterer as long 2s we knew its shape and dimensions to within a fraction of s wavelongtn. i
Pr  :ntly, spherical microballoons can be made N0 ym in diameter w:th a surface smoothness better thun
? A. These ualicons can bz messured to within 50 A. 8o using a reflector that vould work in the
J=50 A region is just on the edge of technological fessibility.

Intensity Reguirements

We define the stagnation time {or a heatsd region by

T ~ 8 )

stag m

where & is the linear dimension of the region, C_ the specific heat at constant volume, and 0 the tempera-
ture. Under the assunption that the bolegram cXn te recorded without blurring for a period on the order

of T.u. time, the required intensity is given by
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Figure 4: Conceptual Jeasless electron microscope with Fraunhofer holography.

A potentisl problem with Fraunhofer holography is low contrzst ratio. This is particularly true if the
specimen is not a very efficient coherent scattecrer. The problem can be circumvented by mounting the
specimen over a hole in an absorbing foil, 'which will sttenuate tre reference beam. The uniformity of the
"shsdow foil" must be such that spstial and temporal coherencet of the reference bsam are not drastically
altered.

Fourier Holography

The trouble with lensless Fourier holography is that (i~ the figurstive sende) it is not lensless. Figure 5
shows a typical setup for lensless Fourier holography. In order to obtain the spherical reference wave we
must have a lens that focusses to 8 pinhole in the shedow plane. In the x-ray regime we do not use s lens,
but rather use a Fresnel sone plate. With this type of experimental configuration, it is easy to prove that
the hologram resolution is limited to the finest spacing »n the Fresnsl zone plate. This derives from the
fact that the finest spacing on the 3one plate determiiies the maximum angle of the spherical segment gen-
ersted. The finest sone plate spacing allowed by current technology is about 800 A.'* This means that
using this technique we could obtain resolution no better than 800 A.

An alternative could be to use s coherent scatiering reflector 10 generate the referency waves.1¢'!?
Figure 6 shows such a reflector, in this case s parabolkid that would generate spherical reference waves,
enclosed in a spherical shell recording surface. For best contrast ratio, the paraboloid would have to be
lprronnw-)y the same size as the object (for example, 100 ym for a 100 ym biclogical specimen). The
reference scatlerer need not be a paraboloid. In principle, the holugram could be unfolded for any convex
reference scatterer es long as we knew its shape and dimensions 1 within a traction of s wavelength '®
Presently, spherical microballoons can be made 100 ym in diameter with a surface smoothness better than
100 A.  These balloons can be measured to within 80 A. 80 using » reflector that would work in the
30-50 A region is just on the edge of technological fessidility.

Intensity Requirements
We define the stagnation time for a heated region by

T -

8
stag m

where 8 is the linesr dimension of the region, C_ the specific heat at constant volume, and ¢ the tempers-
ture. Under the sssumplion that the hologram cln be recorded without blurring for a period on the order
of '!‘.w time, thr required intensity is given by

4)
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Figure 4: Conceptual lensless electron wicroscope with Fraunhofsr holography .

A potential problem with Fraunhcfer holograpiiy is low contrast ratio. This is particulsrly true if the
specimen is not a very efficient coherent scatterer. The problem can be circumvented by mounting ‘he
specimen over a hole in an absorbing foil, which will stteruate the reference beam. The unifornity of the
:thudgw foil” must be such that spatial and temporal coherence of the reference beam are not drastically

tered.

Fourier Holography

The truble with lensiess Fourier holography is that (in the figurative sense) il is not lensless. Figure 5
shows a typical setup for lensless Fourier holo&rnphy. In order to obtain the spherical reference wai'e we
must have a lens that focusses to a pinhole in the shadow plane. In the x-ray regime we do not use : lens,
but rat.ier use s Fresnel zone plate. With this type of experimental configuration, it is easy to prove that
the holograr resolution is limited ¢o the finest spacing on the Fresnel sone plate. This derives from the
fact that the finest spacing on the sona plate deteimines the maximum angle of the u":horlcul segwment gen-
erated. The finest zone plate spacing allowed by current technology is about 800 A.'% This means thast
using this technique we could obtain resolution nc hexter than 800 A.

An alternative could be to use a coherent ecattering reflector to ganerate the reference waves %17
Figure 6 shows such a reflector, in this case s paraboloid that would gwnerate spherica; reference waves,
snclosed in s spherical chell recordm‘b surface. For best contrast ratio, the paravoloid would have to be
spproximately the same size as the object (for exsmple, 100 ym for & 100 ym biological specimen). The
referance scatterer need not be s paraboloid. In pi.nciple, the hologram could be unfolded for any convex
refere..ce scattarer as jong ss we knew its shape and dimensions to within s fraction of a wavelength '
Presently, epherical micreballoons can be made 100 px in diameter with a surface smuothness belter than
100 A.  These balloons can be measured to within 80 A. Bo using s reflector thst would work in the
30-50 A region is just on the edge of technological feasibility.

Intensity Requirements

We define the stagnation tims for s heated region by

N

where 8 is the Unear dimensinn of the region, C_ the specific hest st constant volume, and 0 the tempera-
ture. Under the assumption that the hologram cin de recorded without blurring for & period on the order
of T““ time, the required intensity is given by
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Figure 4: Conceptual lensless e¢lectron microscope with Fraunhofer holography.

A potential problem with Frsunhofer holography is low contrast ratioc. This is particularly true if the
specimen is not a very efficient coherent scatterer. The problem can be circumvented by mounting the
specimen over a hole in an absorbing foil, which will attenuate the reference beam. The uniformity of the

"shadow foil" msust be such that spstial and temporal coherence of the reference beam are not drastically
altered.

Fourier Holography

The troudble with lensless Fourier holograpny is that (in the figurative scase) it is 1ot .. ~sless. Figure 5
shows a typical setup for lensless Fourier holography. In order to obtain the npherical raference wave we
must have a lens that focusses to 8 pinhole in the shadow plane. In the x-ray regime we do not use 3 lens,
but rathsr use s Fresnel sone plate. With this type of experimental venfiguration, it is easy to prove that
the hologram resolution is limited to the finest spacing orn the Fresncl aone plate. This derives from the
fact that the finest spacing on the sone plate determines the maximum angle of the spherical segment gen-
erated. Thz finest sone plate spscing allowed by current tachnolegy is about 800 A.'* This means that
using this technique we could obtain resolution no better than 800 A,

An alternative rould be to use a coherent scattering reflector to gererate the reference waves '¢'!?
Figure 6 shows such a reflector, in this case a parsboloid that would generate spherical reference waves,
enclosed in a upherical shell recording surface. For best contrast ratio, the paraboloid would have to be
spproximately the same size as the object (for example, 100 ym for a 120 ym biologica! specimen). The
reference scatterer need not be s paraboloid. In principle, the hologram could be unfoldad for sany convex
reference scatterer as long as we knew its shape and dimensions to within s fraction of s wavelength.}?®
Presently, spherical microballoons can be made 100 ym in diameter with a surface smoothnems better than
100 A.  These balloons can be measured to within 50 A. 8o using a reflector that would work in the
30-50 A region is just on the edge of technological feasibility.

Intensity Requirements
We define the stagnation time for a heated region by

T -~

8
"“W

(4)

where 4 is the lnear dimension of the region, C_ the s; - ific hest at constant volume, and @ the tempers-

ture. Under the sssumption that the bologram cdn be ru.orded without blurring for a perfod on the order
of 'rm‘ time, the required intensity is given by



